We study transport properties and also local density of states in a clean superconductor-normal metal-superconductor Josephson junction with triplet f −wave superconductors based on the Eilenberger equation. Effects of thickness of normal metal and misorientation between gap vector of superconductors on the spin and charge currents are investigated. Spin current, which stems from the misalignment of d-vectors, in the absence of charge current for some values of phase difference between superconductors is found. We also find unconventional behavior of the spin current associated with 0-π transition. The misalignment of d-vectors also gives rise to a zero energy peak in the density of states in the normal metal.
I. INTRODUCTION
Superconductivity with spin-triplet pairing symmetry which has been observed in a series of experiments in Sr 2 RuO 4 1-6 , UPt 3 and some other heavy fermion complexes [7] [8] [9] [10] [11] [12] [13] [14] [15] attracts a lot of interests in the condensed matter physics. The spin triplet f −wave pairing symmetry has been considered for unconventional superconductivity in UPt 3 heavy-fermion [16] [17] [18] . Superconductivity has been observed in UPt 3 compound in two important states, A−phase and B−phase. Although different phases correspond to the different symmetries of the superconducting gap on the Fermi surface, all of them belong to spin triplet. The f −wave order parameter has a more complex dependence on azimuthal angles in comparison with the well-known p−wave order parameter for superfluid phases of 3 He. The Fermi surface of UPt 3 is highly complex with five or six complicated shape sheets. While the pairing mechanism of UPt 3 is unknown, a large number of experimental and theoretical works have been done on its thermodynamic and transport property. The Josephson junction between triplet superconductors is an accurate method to study physics in triplet superconductors. In superconductor-normal metal-superconductor (SNS) junction, the Josephson current flows owing to the proximity effect.
Recently, proximity effect in unconventional superconductor and normal metal junction has attracted much attention [20] [21] [22] [23] [24] [25] . The proximity effect in junctions between triplet superconductors and normal metals in the diffusive regime have been investigated theoretically [21] [22] [23] . It is found that the proximity effect is enhanced by the mid-gap Andreev bound state formed at the interface between triplet superconductor and the normal metal due to the sign change of the pair potential. 21 As a result, the density of states in the normal metal has a zero energy peak rather than gap. To investigate the proximity effect, the quasiclassical Green's function method is quite useful. In this paper, we apply the quasiclassical Eilenberger equation 36 to calculate charge-and spin-currents and density of states in a triplet SNS junction.
The SNS Josephson effect is an interesting issue because of the industrial applications such as superconducting quantum interference devices (SQUID) 26, 27 . DC Josephson junction has a persistent current by gradient of the macroscopic phase of superconductivity 28 . While the charge current is more known property in Josephson junction, spin current is more interesting because of applications in spintronics. The effect of phase difference on the spin current in the spin-triplet SIS Josephson junction has been studied recently 29, 32 . Authors of the paper 29 obtained a polarized dissipation-less supercurrent of spins. It is shown that the current-phase dependencies are quite different from those of the junction between conventional s-wave superconductors 30, 31 and high temperature d-wave superconductors 34 .
In the present paper, we investigate spin and charge Josephson currents, and the density of states in junction between misorientated crystal of triplet f −wave superconductors which sandwich the mesoscopic normal metal layer. Triplet f -wave pairing symmetry is considered, for example, for superconductivity in UPt 3 crystals 19 .
The organization of the rest of this paper is as follows. In Sec.II the quasiclassical equations for Green's functions are presented. Green's functions are obtained in Sec.III. The obtained formulas for the Green's functions are used to calculate the charge and spin current densities and also density of states in the normal region. In Sec. IV, numerical results of charge and spin currents in the normal metal between superconductors are analyzed. Effects of normal layer thickness between superconductors and misorientation between d-vectors of superconductors on the charge and spin currents, and density of states have been investigated. The paper will be finished with the conclusions in Sec.V. Two different geometries are corresponding to the different orientations of the crystals in the right and left sides of the interface. In geometry (i) the bc−plane in the right side has been rotated around the a−axis by α. In geometry (ii), the ab−plane in the right side has been rotated around the c−axis by α. For both of geometries (i) and (ii), we consider a rotation only in the right superconductor and the crystallographic a−axis in the left half-space is selected parallel to the partition between the superconductors (x−axis).
II. FORMALISM AND BASIC EQUATIONS
In this section, we consider a clean normal metal such as Copper between two misorientated f −wave superconductors. A normal metal layer with the thickness of l is sandwiched by two triplet superconductors. Interfaces of normal metal and superconductors have been considered as totally transparent. For the case l λ F we can use the ballistic quasiclassical Eilenberger equation
and the normalization conditiongg =Ȋ, where ε m = πk B T (2m + 1) are discrete Matsubara energies with m = 0, 1, 2..., T is the temperature, v F is the Fermi velocity andσ 3 =τ 3 ⊗Î in whichτ 3 is the Pauli matrix in particlehole space.σ j (j = 1, 2, 3) denote Pauli matrices in spin space in the following. The Matsubara propagatorg can be written in the standard form:
where the matrix structure of the off-diagonal self energy ∆ in the Nambu space is
In this paper, we focus on the unitary states, (d × d * = 0). Also, we use the Eilenberger equation for d = 0 in the normal metal region (0 ≤ z ≤ l). From the Eilenberger equation it is clear that Green's functions in the normal metal, g 1N and g 1N , are constant for 0 ≤ z ≤ l. Solutions of Eq.(1) has to satisfy the conditions for Green's functions at the bulk of superconductors
In addition, solutions of Eqs. (1) satisfy the continuity conditions at the interfaces between metal and superconductors (z = 0, l) for all quasiparticle trajectories. Here, as in the paper 37 , a simple step-like non-selfconsistent model of the constant order parameter up to the interfaces is considered:
where φ is the external phase difference between the gap functions of superconducting bulks. We assume that the order parameter does not depend on coordinates and in each superconductors equals to its value far from the interface in the left or right bulks. For such a model, the current-phase dependence of a Josephson junction can be calculated for specific model of f −wave pairing symmetry. We believe that under this assumptions our results describe the real situation qualitatively 34, 35 . In the framework of such model, the analytical expressions for the charge and spin currents and density of states can be obtained for an arbitrary form of the gap vector. 
III. ANALYTICAL RESULTS OF GREEN'S FUNCTIONS
The solution of Eilenberger equations allows us to calculate the charge and spin current densities in normal metal. The expression for the charge current is:
that for the spin current is:
and that for local density of states at the energy E is:
where ... stands for averaging over the directions of electron momentum on the Fermi surfacev F , N (0) is the electron density of states at the Fermi surface and e i = (x,ŷ,ẑ). The calculated Green's functions in the normal metal are the following: where
and Using these Green's function, we obtain the charge and spin current through the SNS Josephson junction and also the density of states of system in the normal region 0 ≤ z ≤ l.
IV. NUMERICAL RESULTS OF CURRENTS AND DENSITY OF STATES
In this section we calculate charge and spin currents in SNS junctions having in mind UPt 3 that is a f −wave superconductor. Two famous models for order parameter of UPt 3 are considered. The first is the axial state 38 : , T = 0.05Tc, and different thicknesses of normal metal l. Panels (a) and (b) are for axial state (12) and panels (c) and (d) are for planar state (13) . Left plots are for geometry (i) and right plots are for geometry (ii). and the other is the planar state 17 :
The coordinate axesx,ŷ,ẑ are chosen along the crystallographic axesâ,b,ĉ in the left side of Fig.1 . The function ∆ (T ) in Eqs. (12) and (13) describes the dependence of the order parameter d on the temperature T . Using Green's function in Eqs. (8) and (9), we have calculated charge and spin currents, and the density of states in f −wave Josephson junction , and two different misorientations. Panels (a) and (b) are for axial state (12) and panels (c) and (d) for planar state (13) . Left plots are for geometry (i) and right plots are for geometry (ii). In panel (b), plots of α = with pairing symmetry of Eqs. (12) and (13) numerically.
Two superconducting bulks may have misorientation which has been created by geometries (i) and (ii) in Fig.  1 . For two geometries and specific models of f −wave pairing symmetry we have plotted the currents in terms of phase difference in Figs.2-6 . The obtained currents are periodic functions of phase difference between superconductors with a period of 2π. It is clarified that by increasing the thickness of normal layer, amplitude of currents decreases, which is understandable because by increasing thickness of the normal metal, quantum coherency of macroscopic phases between left and right superconductors decreases. The current-phase relations are qualitatively different from the case of s−wave 30 and d−wave Josephson junction 33, 34 . In particular, an interesting case is the zero of charge current at finite phase φ 0 in Fig.2 (b) which occurs for the most of junctions exactly at φ = 0 or φ = π. On the other hand, for finite misorientation between left and right gap vectors even at the zero phase difference we obtain finite charge current. This is because according to Eq. (12) in geometry (ii) misorientation α plays role of phase difference -rotation by α gives the phase factor exp(2iα). Also, in Figs. 4-6, it is found that the spin current of Josephson junction between two triplet superconductors has been created by misorientation between gap vectors of superconductors 29 . For the case of geometry (ii) and axial state (12) , spin current is absent because both of gap vectors are in the same direction. Also, by using Eq. (9), we find that spin currents (j sy ) z and (j sz ) z for the axial state (12) and also the planar state (13) in geometry (i), and spin currents (j sx ) z and (j sy ) z for the planar state (13) in geometry (ii) are absent. In contrast to the charge current, the spin current has a large value at φ = π (or at φ = 0 for large misorientation angle). It is seen that charge current are generally odd function but spin current are even function of the phase difference because charge current is odd in time reversal while spin current is even. Since spin current is an even function of phase, its derivative becomes odd in phase and hence should be zero at φ = 0 and π. Thus, the spin current has a local maximum or minimum at φ = 0 and π. We also see that for some phases as φ = π the spin current exists but charge current disappears. This is a purely spin transport in the absence of charge current. This effect can not be observed in singlet superconducting junction like conventional or high T c superconductors. Only in the case of superconductor-ferromagnet-superconductor junction with inhomogeneous magnetization this spin current is present 39 . The critical currents as a function of the misorientation angle are shown in Figs.7 and 8. Critical charge and spin currents, defined as j ce = M ax φ j e (φ) = j e (φ * ) and j cs = j s (φ * ), respectively, are plotted as a function of misorientation angle α for specified temperature and normal layer thickness (T = 33 Also, at the 0 − π transition point for both symmetries in geometry (i) we have a jump of spin current due to the jump of the phase as found in Ref.
39 but in geometry (ii) there aren't any 0−π transition and hence jump of spin current.
Finally, in Figs.9-11 we have plotted the density of states in the normal region. It is known that proximity effect in the SNS junction strongly changes the density of states in the normal metal. In our calculations, we obtained Andreev bound states in the junctions as shown in Figs.9-11. This is understandable, by interference effect of electrons and holes in the normal metal. An electron will be reflected by Andreev reflection as a hole. This process is also repeated on the other SN interface. Then, interference of holes and electrons increases the effective Andreev reflection probability and proximity effect at the low energies.
In Fig.9 , we obtain a mini-gap like s−wave and d−wave superconductors 40 . Exactly at φ = π we obtain a peak at the Fermi energy. Here, like Josephson junction between other types of unconventional superconductors 40 , we obtain the finite density of states for energies inside the gap (−∆ < E < ∆). The results of a finite misorientation and different l are shown in Fig. 10 . The density of states gets smeared by increasing l. In Fig. 11 we plotted the density of states for both of geometries and both of symmetries. It is observed that by increasing the misorientation two peaks are gradually merged into one and there will be a peak at zero energy at α = π 2 . The increase of the density of states at low energy corresponds to that of the spin current. We find that effect of thickness of normal layer is only quantitative but misorientation changes currents and the density of states qualitatively.
V. CONCLUSIONS
In this paper, we have investigated transport properties and also local density of states in triplet SNS Josephson junction with two f −wave superconductors. A spin-polarized current normal to the interface is investigated theoretically. It is observed that normal layer decreases both of charge and spin currents. It is also found that misorientation of d-vector between left and right superconducting bulks produces the spin-polarized current which can flow even in the absence of charge current. We also unveiled a jump of the spin current associated with the 0-π transition. In addition, density of states have been calculated for various phase difference, normal metal thickness and misorientation. Normal metal thickness has only quantitative effect on the mid-gap states. Misorientation of the d-vectors drastically changes the junction property.
A generalization of calculations of this paper to superconductor-ferromagnet-superconductor junctions is an interesting subject. We will do this generalization in the next work.
